Intracardiac electrograms are important for discrimination of tachyarrhythmia by implantable cardioverter defibrillators (ICD). A low R-wave can cause not only undersensing of ventricular tachyarrhythmia but also inappropriate discharges due to oversensing of unexpected signals because of its characteristic sensing algorithm. Therefore, this study aimed to investigate adverse events associated with R-wave amplitude. We included 115 consecutive patients followed-up over one year after implantation of a transvenous ICD system. The status of the ICD was checked every 3 months and intracardiac ventricular electrograms were analyzed. The decrease in R-wave amplitude was high in arrhythmogenic hypertrophy cardiomyopathy, arrhythmogenic right ventricular cardiomyopathy (ARVC), and sarcoidosis. Low R-waves (< 5.0 mV) were observed in 13 patients at a follow-up of 15 ± 16 months after implantation, and the mean R-wave was 3.0 ± 0.8 mV. The frequency of low R-waves was high in ARVC (38%), sarcoidosis (33%), and dilated cardiomyopathy (17%). All of the dilated cardiomyopathy patients with low R-waves had severe left ventricular dysfunction. Inappropriate ICD therapy resulting from T-wave oversensing occurred in 7 patients and the R-wave was < 5.0 mV in 6 of the patients. The frequency of inappropriate therapy was high in patients with sarcoidosis. In 3 patients, inappropriate therapy caused ventricular tachyarrhythmia. In conclusion, decreases in Rwave amplitude occurred in some progressive cardiac disorders and caused inappropriate ICD discharges having arrhythmogenicity. Physicians should attempt to obtain a high Rwave amplitude during ICD implantation and careful follow-up is required, especially in patients with ARVC or sarcoidosis. (Int Heart J 2006; 47: 363-370) 
IMPLANTABLE cardioverter defibrillators (ICD) effectively terminate ventricular tachyarrhythmia (VTA) and reduce the risk of sudden cardiac death. [1] [2] [3] ICD can discriminate ventricular tachyarrhythmia from the cycle length and amplitude of intracardiac electrograms with its algorithm for sensing, and thus a decrease in the R-wave may be a cause of undersensing of VTA. Furthermore, as the thresholds of sensing are defined automatically by the amplitude of an R-wave in the algorithm, in the setting of the low R-wave, unfavorable sensing of some signals other than R-wave, eg, T-wave, may occur and can induce inappropriate therapy. 4, 5) Therefore, the amplitude of the intracardiac R-wave is very important in patients with ICD.
Patients with VTA often have diverse types of cardiac disease and low cardiac function. 6) Some disorders, such as idiopathic cardiomyopathy and inflammatory cardiac disease, can exacerbate progressively. [7] [8] [9] Myocardial disease or changes in cardiac status may influence R-wave amplitude and prevent adequate sensing of R-wave by ICD. Although low R-wave amplitude has been reported in patients with arrhythmogenic right ventricular cardiomyopathy, 10) it is not fully understood in other cardiac diseases. Therefore, the present study was performed to investigate the course of R-wave amplitude and the related adverse events in long-term follow-up in patients with various cardiac diseases.
METHODS

Patients:
The study population included 115 consecutive patients (85 men and 30 women) who underwent ICD implantation with a transvenous lead system at Niigata University for the management of life-threatening VTA. The mean age of the patients was 57.6 ± 14.6 years. The mean left ventricular ejection fraction was 46.9 ± 16.5%. The underlying heart diseases were: ischemic heart disease (IHD) in 37 patients, idiopathic ventricular fibrillation (IVF) including Brugada syndrome in 26 patients, dilated cardiomyopathy (DCM) in 18 patients, cardiac sarcoidosis in 9 patients, hypertrophic cardiomyopathy in 8 patients (HCM), arrhythmogenic right ventricular cardiomyopathy (ARVC) in 8 patients, and other cardiac diseases in 9 patients (postoperative state of congenital heart disease in 3, valvular heart disease in 2, idiopathic left ventricular aneurysm in 2, and myotonic dystrophy in 2). The clinical characteristics of the patients are shown in Table I . ICD implantation: An ICD (model 7223, 7227, or 7271, Medtronic Inc., Minneapolis, MN) was implanted subcutaneously with a transvenous lead system. In all patients, a screw-in lead (model 6936, 6940, and 6943, Medtronic Inc.) was used. The lead was placed in the right ventricular apex, and the sensing and pacing functions were tested and optimized with the following criteria: amplitude of R- The status of the ICD and episodes of ICD therapy were followed-up 2 weeks after implantation and every 3 months thereafter at the outpatient clinic. In all patients, electrocardiography and chest x-rays were performed at every visit to the outpatient clinic. The R wave amplitude was measured from the telemetered intracardiac electrograms from the ICD. Data and statistical analysis: We compared R-wave amplitude among underlying cardiac diseases, as well as the number of patients with a low R-wave amplitude defined as < 5 mV and inappropriate ICD therapies associated with low R-wave amplitude. The statistical significance of differences was tested by ANOVA or Student's t-test. Data are expressed as the mean ± SD. Differences were considered significant at P < 0.05.
RESULTS
Decrease in R-wave:
In all patients, the mean R-wave amplitude was similar between 10.9 ± 3.9 mV at ICD implantation and 10.8 ± 4.1 mV 3 months after implantation. During a follow-up of 59 ± 31 months, the R-wave decreased slightly to 9.0 ± 3.8 mV but this was not significant (P = 0.40), and the percent decrease in the R-wave was 9.0 ± 3.8%. The decrease in the R-wave was high in HCM, ARVC, and sarcoidosis during the follow-up (Table II) . The follow-up periods were not different among the cardiac disease groups.
Low R-waves (< 5.0 mV) occurred in 13 patients at a follow-up of 15 ± 16 months (range, 0-48 months) after ICD implantation, and the mean R-wave was 3.0 ± 0.8 mV (range, 1.5-4.0 mV, Table III ). In one patient with sarcoidosis (case 12), a sufficient R-wave amplitude was not obtained during implantation despite detailed mapping of the right ventricle and the lead was placed at the site of a low IHD indicates ischemic heart disease; IVF, idiopathic ventricular fibrillation; DCM, dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy; ARVC, arrhythmogenic right ventricular cardiomyopathy; and EF, ejection fraction of the left ventricle. Others includes congenital heart disease (n = 4), valvular heart disease (n = 2), idiopathic left ventricular aneurysm (n = 2), and myotonic dystrophy (n = 2).
R-wave (4.0 mV). However, in the other 12 patients, the R-wave amplitude at ICD implantation met the criteria for implantation. The frequency of a low Rwave was high in ARVC (38%), sarcoidosis (33%), and DCM (17%). All 3 DCM patients with a low R-wave had severe left ventricular dysfunction at the baseline (ejection fraction ≤ 30%). None of the patients presented a low R-wave with lead fracture, significant change in lead impedance or pacing thresholds, or worsening of heart disease or congestive heart failure. The surface electrocardiogram did not change during the follow-up period in any patient with a low R-wave. The low Rwave did not occur with increasing activity of sarcoidosis as determined by blood tests, including angiotensin-converting enzyme and lysozyme, and gallium scin- The minimum R-wave was defined as the lowest R-wave during follow-up. The decrease in R-wave amplitude was calculated as the difference between the R-wave at 3 months after the implantation and the minimum R-wave. An R-wave < 5.0 mV was considered low amplitude. See Table I for abbreviations. * Inappropriate therapy due to T-wave oversensing. tigraphy in any of the patients. There was no undersensing of ventricular tachyarrhythmia in patients with a low R-wave. Inappropriate therapy associated with low R-wave: Inappropriate ICD therapy resulting from T-wave oversensing occurred in 7 patients at 16.7 ± 19.3 months after implantation (range, 1-47 months). The number of occurrences of inappropriate therapy due to T-wave oversensing was 6.9 ± 6.8/person (range, 2-20). In 6 of the 7 patients, an R-wave of < 5.0 mV in an intracardiac electrogram was recorded when the therapy was inappropriate, and the low R-wave was confirmed thereafter at the outpatient clinic. In the remaining patient with HCM, the R-wave amplitude was 12.0 mV when inappropriate therapy was undertaken due to the spontaneous increase in the T-wave. The frequency of inappropriate therapy due to T-wave oversensing was high in patients with sarcoidosis (33%). In 3 patients, inappropriate therapy induced ventricular tachyarrhythmia, although all cases of tachyarrhythmia terminated spontaneously or by ICD (Figure) . In 4 of the 6 patients with inappropriate therapy associated with a low R-wave (patients 6, 8, 11, and 12), inappropriate therapy recurred after changing the algorithm for tachyarrhythmia detection, changing the pacing rate, and/or administration of betablocking agents. Finally, in 2 patients (patients 6 and 8), a sensing lead was added to the septum of the right ventricle, and inappropriate therapy did not occur thereafter. 
DISCUSSION
A decrease in R-wave amplitude occurs frequently in cardiac sarcoidosis and arrhythmogenic right ventricular cardiomyopathy. A low R-wave could result in inappropriate ICD therapy, which may trigger ventricular tachyarrhythmia.
Sarcoidosis is a systemic granulomatous disease of unknown cause affecting any organ. [11] [12] [13] Cardiac involvement is progressively and potentially fatal, although uncommon. ARVC is characterized by replacement of the myocardium by fatty and fibrous tissue, and myocardial atrophy predominantly in the right ventricle is also progressive. 8, 14, 15) The high frequency of large decreases in Rwave amplitude in sarcoidosis and ARVC may be associated with progression of myocardial invasion to the right ventricle, but it was not shown by conventional examination. Blood tests did not reveal an increase in sarcoidosis. Magnetic resonance imaging, which is useful for evaluating cardiac involvement in ARC, could not be performed because of controversy around ICD. The local myocardium may be easily affected by mechanical stress, such as lead placement, in such progressive disorders.
Low R-waves were also found in patients with DCM and severe left ventricular dysfunction. Dilated cardiomyopathy is also a progressive disease of the myocardium, which is characterized by predominant enlargement of the left ventricle, decreased systolic function, and reduced myocardial wall thickness. 8, 9) The reduction in the number and function of myocardial fibers leads to interstitial fibrosis. 9) Although the main focus has traditionally been placed on assessment of the left ventricle, right ventricular dysfunction and thinning of the right ventricular wall have also been reported, even in the well-controlled state. 16) Moreover, advanced left ventricular dysfunction can increase right ventricular overload and may cause extensive fibrosis, possibly resulting in a decrease in R-wave. Although worsening of heart failure might influence R-wave amplitude, a low Rwave amplitude was not found after development of heart failure in any patients.
A low R-wave can cause not only undersensing of ventricular tachyarrhythmia, but also inappropriate therapy associated with T-wave oversensing because of the characteristic automatic algorithm of ICD for sensing. In the present study, approximately 46% of patients with a low R-wave experienced inappropriate therapy having arrhythmogenicity. In the setting of a low R-wave amplitude, an increase in sensing threshold to avoid T-wave oversensing can increase the risk of undersensing of ventricular tachyarrhythmia. Pharmacological therapy to affect R-wave or T-wave amplitude may be difficult. To avoid inappropriate therapy, we changed the ICD parameters and administered beta-blocking agents to slow sinus rhythm. However, inappropriate therapy occurred repeatedly in most of the Vol 47 No 3 patients. Therefore, addition of a sensing lead may be the only reliable way to resolve the problem. Moreover, because the ventricular apex is one of the areas frequently involved in ARVC and sarcoidosis, lead replacement to another area might prevent the reappearance of decreasing R-waves. 17, 18) However, the diseased right ventricular myocardium may prevent adequate lead replacement, and low R-wave may develop again. Limitations: The number of patients with each disorder was relatively small and our observations will need to be confirmed in a larger population, especially in patients with sarcoidosis, before they can be accepted as definitive. As only screw-in leads were used, the outcome of tined leads could not be studied. Conclusions: The risk of adverse events of ICD associated with R-wave amplitude is high in patients with progressive cardiac disorders, such as ARVC, sarcoidosis, or DCM. Physicians should attempt to obtain as high an R-wave amplitude as possible at lead placement in ICD implantation and carefully monitor the Rwave, especially in patients with these disorders.
